Regulation of VEGF-induced endothelial cell migration by mitochondrial reactive oxygen species antioxidants; mitochondria; oxidant signaling; reactive oxygen species; endothelial cells VASCULAR ENDOTHELIAL GROWTH FACTOR (VEGF) is a critical regulator of endothelial cell (EC) migration. VEGF increases EC permeability, stimulates proliferation, and promotes migration through phosphatidylinositol 3-kinase and the small GTPase Rac-1 (40) . Strategies that inhibit VEGF signaling are effective in the treatment of a wide spectrum of pathological conditions that involve EC migration, including atherosclerosis and tumor angiogenesis (34) . New evidence suggests that intracellular reactive oxygen species (ROS) regulate cytokine or growth factor signaling (11, 26, 27) . However, the predominant source and regulation of intracellular ROS production during VEGF-induced endothelial migration are unclear.
ROS are produced in the cytoplasmic compartment by a variety of sources including the NADPH oxidase (Nox) (6, 41) , xanthine oxidase (37) , and nitric oxide (43) . Among these, Nox-derived ROS are recognized as important regulators of endothelial VEGF signaling (21, 46, 48) . We previously demonstrated that Nox-derived ROS regulate the effects of TNF on EC cell-cell adhesion (22) . However, gene silencing studies suggest that Nox-derived oxidants may not account for all the effects of VEGF on endothelial cells (1) .
Emerging evidence suggests that mitochondrial ROS (mtROS) and related oxidative stress pathways are also important in the regulation of endothelial function (45, 52) . Mitochondrial oxidants regulate VEGF receptor transactivation and redox-dependent downstream signaling (10) , promote endothelial sprouting (12) , and stimulate NF-B and TNF-␣-induced apoptosis (23) . A recent study showed that VEGF stimulates mitochondrial gene expression in endothelial cells, thereby implicating VEGF in the regulation of mitochondrial biogenesis (50) . However, the role of endothelial mtROS during VEGF-induced cell signaling is still unclear. In one study, mitochondrial H 2 O 2 promoted endothelial cell migration and sprouting (12) , whereas another study showed that suppressing mitochondrial ROS maintained the angiogenic capacity of endothelial cells (35) . Given the known effects of oxidants on cell migration, we hypothesized that mitochondrial oxidants contribute to endothelial migration. In this study, we examined the effect of VEGF on endothelial mitochondrial ROS generation and determined the role of VEGF-induced mtROS on EC signaling during migration.
A major impediment of mitochondrial research has been the lack of reagents that specifically target mitochondrial function. The development of mitochondrial targeting technology has facilitated our ability to specifically regulate mitochondrial function. Mitochondria-targeted antioxidants have been shown to alter mitochondrial oxidative status in vitro and in vivo (2, 24) . In animal experiments, pretreatment with mitochondriatargeted vitamin E (Mito-Vit-E) or coenzyme Q (Mito-Q) inhibited mitochondrial oxidative damage (25) and prevented cardiac dysfunction induced by ischemia-reperfusion (2) . In cell culture, the mitochondria-targeted superoxide dismutase mimetic (Mito-CP) and peroxidase mimetic (Mito-peroxidase) inhibited apoptosis (15, 19) . This mitochondrial targeting strategy has the potential for development of novel therapeutic approaches in diseases where mitochondrial function is abnormal.
In this study, we demonstrate that VEGF promotes endothelial migration at least in part by mitochondria-generated ROS. We further determined that mitochondria-targeted vitamin E prevents VEGF-induced mtROS production and endothelial migration in vitro and in vivo. These studies further expand our understanding of mitochondrial function and its contribution to vascular signaling and suggest that targeting mtROS is an effective strategy to modulate endothelial function.
MATERIALS AND METHODS
Cell culture. Primary human umbilical vein endothelial cells (HUVEC, Clonetics, San Diego, CA) were cultured in endothelial cell basal medium (EBM-2, Clonetics) supplemented with an endothelial cell Bullet Kit (Clonetics). The HUVEC cell line (CRL 2922) was cultured with DMEM supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. Cells were serum starved overnight before experiments unless otherwise specified. Mito-Vit-E quantification experiments to confirm its selective mitochondrial accumulation were done with the HUVEC cell line. In all other experiments, primary HUVEC cells at passage 5-7 were used.
Adenovirus infection. Adenovirus that express mitochondria-targeted catalase (AdmCat) and the control empty adenovirus (AdNull) were obtained from Dr. Andre Melendez through the University of Iowa Gene Transfer Vector Core. The infection of HUVEC with adenovirus was carried out as previously reported at the multiplicity of infection of 100 (3, 4) . Briefly, the cells were plated and allowed to attach to the dishes overnight before the desired amount of viral particles was added. After 24 h, the media were changed to remove virus and the cells were cultured for another 24 h before each experiment. The efficiency of the infection and the mitochondrial accumulation of mitocatalase have been confirmed (3, 4) .
Mito-Vit-E synthesis and quantification. Mito-Vit-E was synthesized according to a previously published method with modification (39) .The purity of our synthesized Mito-Vit-E was at least 90%. To confirm the selective mitochondrial accumulation of Mito-Vit-E, HUVEC cells at 90% confluency were exposed to vehicle or MitoVit-E (1 M) for 6 h before they were washed and harvested by trypsinization. The mitochondria and cytoplasm fractions were prepared by deferential centrifugations (51) . The levels of Mito-Vit-E in cytoplasm and mitochondria were determined by mass spectrometry by the use of Applied Biosystems 3200 QTRAP coupled to a Shimadzu Prominence LC (LC/MS/MS). Standard curves were prepared using blank cell homogenate or mitochondria spiked with varying concentrations of Mito-Vit-E dissolved in DMSO. The data were calculated to the mitochondria/cytoplasm ratio of Mito-Vit-E concentration (mass/volume) which indicates relative selective accumulation of Mito-Vit-E in mitochondria.
Immunoblots. Protein samples were subjected to 4 -12% gradient SDS-PAGE gels and transferred to polyvinylidene difluoride membranes. Membranes were blocked with 5% nonfat milk-Tris-buffered saline-Tween at room temperature for 1 h and subsequently probed with primary antibodies against DNA polymerase gamma (POLG; Santa Cruz Biotechnology, Santa Cruz, CA), cytochrome-c oxidase (COX) II (Molecular Probes, Carlsbad, CA), phospho-Akt(Ser-473), phospho-p38MAP(Thr-180/Tyr-182), phospho-p21-activated kinase (PAK1 Thr-423, PAK2 Thr-402), phospho-ERK1/2(T202/Y204) (Cell Signaling Technology), and GAPDH (Millipore, Temecula, CA). The membranes were then rinsed and incubated with corresponding horseradish peroxidase (HRP)-conjugated secondary antibody (Bio-Rad, Hercules, CA). Antibody dilutions and incubation time were according to manufacturer's instructions. Signals were detected by using ChemiGlow West (Alpha Innotech, San Leandro, CA).
POLG gene knockdown. The sequences of small interfering RNA (siRNA) are as follows: POLG: 5=-GGAUGGUAAUAGCUGUA-AUTT-3= and 5=-AUUACAGCUAUUACCAUCCTT-3=; scrambled: 5=-UUCUCCGAACGUGUCACGUTT-3=; 5=-ACGUGACACGUUCGG-AGAATT-3= (Shanghai GenePharma, Shanghai, China). Transfection was performed using DharmaFECT 1 transfection reagents (Thermo Fisher Scientific, Lafayette, CO) according to the manufacturer's instructions. Briefly, HUVEC were cultured in six-well plates to ϳ80% confluence. In total, 200 pmol siRNA was diluted in 200 l of Opti-MEM I Reduced Serum Medium, and 4 l of DharmaFECT 1 was diluted in 200 l of the same medium. After 5 min, the diluted siRNA and DharmaFECT 1 were mixed and left at room temperature for 20 min before the mixture was added to the well with cells and 1.6 ml cultural medium. After 12 h, the medium was replaced with fresh medium without the siRNA and the cells were used 3 or 7 days after the transfection. The cells were replated before the experiments or when they are confluent. POLG is essential for the faithful maintenance of mtDNA (42) , and POLG knockdown with siRNA has been used in the study of mtDNA replication during differentiation of murine ES cells (18) .
Cytochrome-c oxidase activity. Mitochondrial fractions were prepared by differential centrifugation according to a previously described procedure (51) . Cytochrome-c oxidase activity was measured using a commercial assay kit according to the manufacturer's instructions (Sigma-Aldrich, St. Louis, MO). Cytochrome-c oxidase activities were normalized by the amount of mitochondrial protein per reaction.
Detection of mitochondrial ROS. Mitochondrial superoxide was detected by labeling the cells with MitoSox Red (Invitrogen, Carlsbad, CA). HUVEC were loaded with MitoSox Red (28) (5 M, 20 min) and stimulated with VEGF (50 ng/ml, 5 min) or vehicle before flow cytometry.
To detect mitochondrial H 2O2, HUVEC were transiently transfected with a plasmid, pHyPer-dMito, which encodes a derivative of hydrogen peroxide-specific sensor protein Hyper (9) tagged with mitochondrial signal peptide sequence (Evrogen, Moscow, Russia). Cells were grown in fibronectin-coated glass-bottom microwell dishes (Ashland, MA) and the transfection was done with FuGENE 6 (Roche Applied Science). Cells were serum starved overnight before mitochondrial H2O2 levels were determined by sequential acquisition of images using 405/40 and 492/18 nm band-pass excitation filters with a 530/35 nm band-pass emission filter. Images were acquired using the Nikon ECLIPSE TE2000-U (Melville, NY) with a ϫ63 1.2 objective before and after the cells were exposed to VEGF (50 ng/ml). Ratio images of 492/405 nm absorbance were analyzed with NISElements AR 3.0 to determine mitochondrial H2O2 levels. To show the specificity of the effect of VEGF on ROS production, we preincubated VEGF with VEGF-Trap before VEGF was used to stimulate HUVEC. VEGF-Trap is a synthetic protein that specifically binds to VEGF, rendering it unable to bind to its receptor.
Detection of intracellular ROS. Total intracellular ROS was detected by loading cells with the fluorophore 2=,7=-dichloro-dihydrofluorescein (H2DCF) (Molecular Probes, Eugene, OR). Cells were labeled with 20 M DCF for 20 min and visualized using fluorescence microscopy before and after they were exposed to VEGF (50 ng/ml) for 15 min (Nikon Instruments, Melville, NY). The fluorescence intensity was quantified with the NIS-Elements software. In some experiments, cells were pretreated with Mito-Vit-E (1 M) or vehicle for 6 h.
To determine intracellular H2O2 levels, HUVEC were transiently transfected with plasmid pHyper-cyto vector, which is a mammalian expression vector encoding a fluorescent H2O2 sensor Hyper. Intracellular H2O2 levels were determined at 37°C by sequential acquisition of images using 405/40 and 492/18 nm band-pass excitation filters with a 530/35 nm band-pass emission filter. Images were acquired using the Nikon ECLIPSE TE2000-U with a ϫ63 1.2 objective before and after the cells were exposed to VEGF (50 ng/ml). Ratio images of 492/405 nm absorbance were analyzed with NISElements AR 3.0 to determine intracellular H2O2 levels. In some experiments, VEGF was preincubated with VEGF-Trap before VEGF was used to stimulate the cells.
Cell migration. We first used the electric cell-substrate impedance sensing (ECIS) system (Applied Biophysics, Troy, NY) to conduct cell migration assay as reported previously (8, 30) . HUVEC cells were cultured in 8W1E ECIS arrays (Applied Biophysics), in which each well for cell culture contains a small working electrode (5 ϫ 10 Ϫ4 cm 2 ) and a larger (0.15 cm 2 ) counter electrode. Because of the difference in surface area (300-fold), the total impedance of the system is determined mainly by the impedance of the small working electrode. Equivalent numbers of cells were seeded on fibronectincoated gold electrode arrays and permitted to adhere overnight to form the cell monolayer. The cells were treated with VEGF (50 ng/ml) or vehicle for 10 min before a wounding was performed by electroporation using voltage pulses of 6 V and 60 kHz for 60 s, which causes death and detachment of cells on the working electrode. Cells surrounding the working electrode that had not been submitted to the wounding then migrate inward to replace the killed cells. After the wounding, cell migration was assessed by continuous measurement of transmonolayer electrical resistance for 24 h. The cell migration was expressed as change of resistance from immediately after to 6 h after the wounding.
As another way to study endothelial cell migration, HUVEC were grown to near confluence, pretreated with vehicle, Vit-E (1 M), or Mito-Vit-E (1 M) before a defined region of cells was removed with a razor blade as previously reported (7). Cells were then treated with vehicle or VEGF (50 ng/ml) for an additional 36 h before the number of cells that had migrated past the wound edge was counted in low-power fields. The data represent the numbers of all cells that migrated past 2-mm length of the wound edge. Each image represents 400 m of the length of the wound edge, which is one fifth of the low-power field in which the cells were counted.
Cell proliferation assay. Cells were plated in 96-well plates (5,000 cells/well). After overnight culture, the cells were pretreated with vehicle, Vit-E (1 M), or Mito-Vit-E (1 M) for 6 h. The cells were then treated with vehicle or VEGF (50 ng/ml) for an additional 48 h before the MTT assay was performed using Vybrant MTT Cell Proliferation Assay Kit (Invitrogen) according to the manufacturer's protocol. The data are expressed as absorbance at 570 nM.
Rac1 activity. Rac1 activation was measured using G-LISA Rac Activation Assay kit (Cytoskeleton, Denver, CO) according to the manufacturer's protocol. Briefly, 70% to 80% confluent HUVEC cells were serum starved overnight before they were treated with vehicle or VEGF (50 ng/ml) for 5 min. Cell lysates were then prepared and incubated on Rac-GTP affinity plates for 30 min at 4°C. After antibody detection, Rac1 activation was measured by luminometry.
Carotid artery reendothelialization. Carotid artery reendothelialization was studied in male C57BL/6 mice (12-16 wk of age, Charles River Laboratories, Wilmington, MA) using previously described methods (36) . In brief, perivascular electric injury was induced using a bipolar microregulator to produce an electric current that denuded the carotid artery endothelium. Using Evans blue dye uptake, the area of initial denudation was evaluated on the day of injury, and the remaining area of denudation was determined 4 days postinjury to assess reendothelialization in a blinded manner by image analysis using Scion Image (free software from National Institutes of Health). Endothelial denudation and postinjury recovery in this model have been confirmed by immunohistochemistry for von Willebrand factor (vWF; 36). Study groups included Mito-Vit-E-treated and control vehicle-treated mice. Mito-Vit-E (or vehicle) was given via oral gavage at the dosage of 50 mg·kg Ϫ1 ·day Ϫ1 for 3 days before perivascular electric injury, and the treatment was continued until the animals were euthanized. The care and use of all study animals was approved by the Institutional Animal Care and Use Committee at the University of Texas Southwestern Medical Center.
Immunohistochemistry of von Willebrand factor. The carotid arteries were harvested on day 1 after sham operation or electric injury. The arteries were formalin fixed, paraffin embedded, and sectioned at 5-m in thickness. Tissue sections on glass slides were deparaffinized, rehydrated, and placed in PBS with 0.05% Tween before immunostaining. The tissue sections were incubated with a rabbit anti-vWF antibody form Dako (Glostrup, Denmark), followed by an anti-rabbit IgG biotinylated secondary antibody from Vector Laboratories (Burlingame, CA). Tissue sections were then incubated in a dilution of streptavidin-HRP, followed by 3=3=-diaminobenzidine. The slides were counterstained with hematoxylin, dehydrated, and mounted with coverslips.
Statistical analysis. All data are expressed as means Ϯ SE of at least three independent experiments. Student's t-tests or analysis of variance (ANOVA) were used to assess the statistical significance of difference between groups of in vitro studies unless otherwise specified. Animal studies were analyzed by Mann-Whitney's rank sum test using 6 -8 mice/group. P Ͻ 0.05 was considered statistically significant.
RESULTS

VEGF increases mitochondrial metabolism and mitochondrial ROS production.
To examine the effect of VEGF on mitochondrial function in endothelial cells, we exposed HUVEC to VEGF (50 ng/ml, 5 min) or vehicle and determined mitochondrial metabolism by the measurement of mitochondrial cytochrome-c oxidase activity. As shown in Fig. 1A , COX activity in VEGF-stimulated cells was more than twofold the level in vehicle-treated cells.
To characterize the mitochondrial oxidants produced in response to VEGF stimulation, we examined the levels of mitochondrial superoxide and H 2 O 2 by ROS species-specific fluorescence labeling of the cells. To measure mitochondrial superoxide, HUVEC were prelabeled with MitoSox Red followed by VEGF exposure and subsequent flow cytometry. No significant difference in mitochondrial superoxide was detected in VEGF-exposed and unexposed cells (data not shown). Mitochondrial H 2 O 2 production in HUVEC was measured by transient transfection with pHyPer-dMito plasmid and analyzed by ratio imaging before and after VEGF stimulation (Fig. 1, C and E) . VEGF significantly increased mitochondrial H 2 O 2 levels within 5 min of exposure, an effect that lasted up to 30 min postexposure (Fig. 1, C and E) . To confirm specificity of this observation, we preincubated VEGF with VEGF-Trap. Preincubation of VEGF with VEGFTrap reduced VEGF-induced mitochondrial H 2 O 2 production (Fig. 1G) .
VEGF increases intracellular ROS. To determine the effect of VEGF on total intracellular ROS production, HUVEC were prelabeled with DCF-DA and exposed to VEGF for 15 min. Intracellular ROS levels were determined by analyzing the fluorescence intensity before and after VEGF stimulation. VEGF significantly increased overall intracellular ROS production (Fig. 1B) .
To measure intracellular H 2 O 2 , cells were transiently transfected with pHyPer-cyto plasmid, and cytoplasmic H 2 O 2 levels were monitored by ratio imaging before and after VEGF stimulation. VEGF significantly increased cytoplasmic H 2 O 2 levels 15 min after stimulation. Intracellular H 2 O 2 levels remained high for 30 min after VEGF exposure (Fig. 1, D and  F) . Preincubation of VEGF with VEGF-Trap diminished the VEGF-induced increase in intracellular H 2 O 2 (Fig. 1H) .
Relative ajpcell.physiology.org production using two strategies as follows: 1) by delivery of Mito-Vit-E and 2) by mitochondrial DNA depletion. Specifically, we used Mito-Vit-E to inhibit H 2 O 2. Secondly, we inhibited POLG using siRNA against POLG to deplete mitochondrial DNA. POLG is selectively encoded in mitochondria, and POLG disruption leads to mitochondrial DNA depletion and improper mitochondrial respiratory function (13) . Selective accumulation of Mito-Vit-E within mitochondria was confirmed by mass spectrometry after exposing HUVEC to Mito-Vit-E (1 M) for 6 h. Mitochondrial to cytoplasmic Mito-Vit-E ratio was calculated as 58.24 Ϯ 6.58.
As expected, Mito-Vit-E completely inhibited VEGF-induced mitochondrial H 2 O 2 production ( Fig. 2A) , and intracellular H 2 O 2 production (Fig. 2B) . Mito-Vit-E also caused a modest decrease of baseline mitochondrial H 2 O 2 ; however, the Fig. 1 . VEGF increased mitochondria cytochrome-c activity, as well as mitochondrial and intracellular H2O2 production. A: human umbilical vein endothelial cells (HUVEC) were stimulated with vehicle or VEGF (50 ng/ml) for 5 min, and mitochondrial fractions were isolated and cytochrome-c oxidase (COX) activity was determined. B: HUVEC were loaded with dichlorofluorescein (DCF), and fluorescence intensity was determined after cells were stimulated with vehicle or VEGF (50 ng/ml) for 15 min. ROS, reactive oxygen species. C-H: HUVEC were transfected with pHyPer-dMito (C, E, and G) or pHyPer-cyto (D, F, and H), and mitochondrial (C, E, and G) and intracellular (D, F, and H) H2O2 levels were determined by fluorescence ratio (F492/F405 nm) imaging before and after VEGF (50 ng/ml) treatment. For the inhibition of VEGF effects, VEGF was preincubated with VEGF-Trap (300 ng/ml) for 30 min before VEGF was used to stimulate the cells (G and H). Data shown are means Ϯ SE of at least 3 independent experiments (A-D, G, and H) and representative images at 15 (E) or 30 (F) min after VEGF treatment. Bars, 20 m. Con, control. *P Ͻ 0.05, **P Ͻ 0.01 vs. vehicle control or before VEGF stimulation; ##P Ͻ 0.01 vs. without VEGF-Trap preincubation. difference was not statistically significant. In contrast, nontargeted Vit-E (1 M, 6 h) only partially inhibited VEGF-induced increase of intracellular H 2 O 2 (Fig. 2D) , and it had no effect on VEGF-induce mitochondrial H 2 O 2 production (Fig. 2C) .
Similarly, POLG knockdown partially suppressed VEGF induced mitochondrial H 2 O 2 production (Fig. 3B) , and it decreased VEGF-induced intracellular H 2 O 2 (Fig. 3C) . Knockdown efficiency was confirmed by immunoblotting for POLG and COX II (Fig. 3A) .
Mitochondrial oxidants regulate endothelial migration. VEGF is recognized as a potent inducer of EC migration. Therefore we chose to examine the effect of mtROS on EC migration. We examined the effects of Mito-Vit-E and POLG knockdown on in vitro cell migration using migration assays. Cells were pretreated with Mito-Vit-E or transfected with POLG siRNA. After exposure to VEGF or vehicle, cell migration was measured by the ECIS migration assay as detailed in MATERIALS AND METHODS. VEGF significantly increased HUVEC migration, consistent with prior studies (38) . Mito-Vit-E pretreatment and mtDNA depletion with POLG knockdown prevented VEGF-induced cell migration (Fig. 4, A and B) .
In separate experiments, HUVEC were grown to near confluence, pretreated with vehicle, Vit-E (1 M), or Mito-Vit-E (1 M) before a defined region of the EC monolayer was removed with a razor blade as previously reported (7). Cells were then exposed to vehicle or VEGF (50 ng/ml). After 36 h the cells that migrated past the wounded edge were counted manually. Again, VEGF increased cell migration and MitoVit-E significantly inhibited VEGF-induced cell migration. In contrast, nontargeted Vit-E had no effect on VEGF-induced cell migration (Fig. 4, C and E) . POLG knockdown also completely prevented VEGF-induced cell migration (Fig. 4, D  and F) .
To determine whether Mito-Vit-E affects cell proliferation, HUVEC were pretreated with vehicle, Vit-E (1 M), or MitoVit-E (1 M) for 6 h, then they were stimulated with VEGF for 48 h before MTT assay was performed. As expected, VEGF stimulation significantly enhanced cell proliferation. MitoVit-E partially reduced VEGF-induced cell proliferation; however, this effect was not statistically significant. Nontargeted Vit-E did not cause any change in VEGF-stimulated proliferation (Fig. 4G) .
The role of mtROS in endothelial cell migration was further evaluated in vivo using a mouse carotid artery reendothelialization model. Mice were pretreated with Mito-Vit-E or vehicle for 3 days before subjected to perivascular electric injury to the common carotid artery, as previously reported by our group (36) . The initial area of denudation indicated by the area of Evans blue dye incorporation was similar in the two groups, indicating that Mito-Vit-E treatment did not affect the area of injury at baseline (Fig. 5A) . However, examination of the excised arteries on postinjury day 4 revealed that the area of remaining injury was fivefold greater in the Mit-Vit-E-treated mice, compared with the vehicle-treated group (Fig. 5B) , confirming that Mito-Vit-E caused a marked attenuation in reendothelialization in vivo. Denudation of the endothelium by electric injury was confirmed by vWF immunostaining of carotid arteries harvested on day 1 after sham operation or electric injury (Fig. 5, C and D) . The intact endothelium with positive vWF staining was shown in sham normal carotid arteries (arrow, Fig. 5C ) but not in the electrically injured carotid artery (Fig. 5D) .
VEGF-induced Rac1 activation is regulated by mitochondrial ROS.
The Rho-related small GTPase Rac1 plays a central role in endothelial cell migration (44) . We therefore examined the effect of mtROS on VEGF-induced Rac1 activation. VEGF significantly increased Rac1 activity compared with vehicle controls. However, this response was abolished by pretreatment of the cells with Mito-Vit-E (Fig. 6A) . Similarly, mtDNA depletion by POLG knockdown also prevented VEGF-induced Rac1 activation (Fig. 6B) . Infection of the cells with adenovirus expressing mutationally activated Rac1 [Rac(V12)] abolished Mito-Vit-E caused inhibition of VEGF-induced increase in migration (Fig. 4A) . These data suggest that mtROS signal upstream of Rac1 during VEGF-induced EC migration.
Active Rac is known to bind to and phosphorylate PAK, which in turn phosphorylates and activate downstream signaling partners including Akt and p38MAP, both of which regulate cell survival and migration. Therefore we examined the effect of Mito-Vit-E on phosphorylation of PAK, Akt, and p38MAP after VEGF stimulation. VEGF increased phosphorylation of PAK, Akt, and p38MAP. Mito-Vit-E pretreatment inhibited VEGF-induced phosphorylation of PAK, Akt, and p38MAP (Fig. 6C) . Mito-Vit-E also inhibited VEGF-induced phosphorylation of ERK1/2 (Fig. 6C) .
Effect of mitochondria-targeted catalase on endothelial migration. To further confirm the role of mitochondrial H 2 O 2 on cell migration, we overexpressed mitochondria-targeted cata- Fig. 3 . DNA polymerase gamma (POLG) knockdown decreases VEGFinduced mitochondrial and intracellular H2O2 production. A: at 3 and 7 days (d) after HUVEC cells were transfected with scrambled control small interfering (si)RNA (C) or POLG siRNA (P), the expression of POLG and COX II was analyzed using Western blot. B and C: HUVEC cells were transfected with scrambled control or POLG siRNA on day 0, and they were transfected with pHyPer-dMito (B) or pHyPer-cyto (C) on day 5. On day 7, mitochondrial and intracellular H2O2 levels were determined by fluorescence ratio imaging before and after VEGF stimulation (50 ng/ml) for 15 (B) or 30 (C) min. Data are expressed as means Ϯ SE of at least 3 independent experiments. *P Ͻ 0.05 vs. before VEGF stimulation. lase (AdmCat) in HUVEC using adenoviral vectors. Cells infected with empty virus (AdNull) served as control. As expected, AdmCat significantly inhibited VEGF-induced activation of mitochondrial cytochrome-c oxidase activity (Fig. 7A) , and VEGFstimulated endothelial cell migration (Fig. 7, B and C) .
Overexpression of catalase in mitochondria also inhibited VEGF-induced activation of Rac activity (Fig. 7D) and phosphorylation of PAK, AKT, p38MAP, and ERK (Fig.  7E) . These effects of mitochondria-targeted catalase are similar to those of Mito-Vit E treatment.
DISCUSSION
In this study, we report that VEGF increases mitochondrial oxidant production in endothelial cells. Inhibiting mitochon- Fig. 4 . Mitochondrial ROS are involved in VEGF-induced endothelial migration. A: HUVEC infected or uninfected with adenovirus expressing mutationally activated Rac1 [Rac(V12)] were pretreated with vehicle or Mito-Vit-E (1 M) for 6 h before they were exposed to vehicle or VEGF (50 ng/ml, 10 min). Cell migration was measured for 6 h by determining the change of transmonolayer electrical resistance after a wounding. B: HUVEC with (P) or without (C) POLG gene knockdown with siRNA were stimulated with vehicle or VEGF (50 ng/ml, 10 min) before cell migration was measured for 6 h by transmonolayer electrical resistance after a wounding. C and E: HUVEC were pretreated with vehicle, Vit-E (1 M), or Mito-Vit-E (1 M) for 6 h before a defined area of the cells was removed with a razor blade. Cells were then treated with vehicle or VEGF (50 ng/ml) for 36 h, and the number of cells that migrated past the wound edge was counted. D and F: HUVEC with or without POLG knockdown were treated with vehicle or VEGF, and migration assay was done in a similar way as in C and E. G: HUVEC were pretreated with vehicle, Vit-E (1 M), or Mito-Vit-E (1 M) for 6 h before they were stimulated with vehicle or VEGF (50 ng/ml) for 48 h and the MTT assay was performed. Data are expressed as means Ϯ SE of at least 3 independent experiments (A, B, E, F, and G) or representative images (C and D). *P Ͻ 0.05 vs. without VEGF stimulation. drial ROS by targeted delivery of mitochondria-targeted vitamin E to mitochondria, overexpression of mitochondria-targeted catalase, or depletion of mtDNA prevented VEGFinduced EC migration. In addition to that, Mito-Vit-E and mtDNA depletion inhibited VEGF-induced mitochondrial and intracellular ROS production. The effect on migration appears to involve the small GTPase Rac1, because inhibition of mitochondrial oxidants resulted in Rac1 inactivation and MitoVit-E could not inhibit VEGF-induced migration in cells expressing constitutively active Rac1. These observations provide new evidence that mitochondria-derived oxidants are important regulators of VEGF-induced endothelial migration.
Endothelial migration is critical in a variety of physiologic and pathologic processes including wound healing, tumor angiogenesis, atherosclerosis, and vascular repair. Therefore, an understanding of the mechanisms of endothelial migration has important implications for these diseases. Oxidants are recognized as important regulators of endothelial cell migration and adhesion (21) . Intracellular ROS are generated by a variety of intracellular pathways including nitric oxide, NADPH oxidase, xanthine oxidase, as well as from mitochondrial respiration (20) . However, the complexity of this pathway has become apparent because Nox-derived ROS do not account for all the effects of cytokines and growth factors on endothelial signaling (1). Mitochondria were previously considered to represent organelles with limited function. However, recent studies suggest that mitochondria may be important for the localized delivery of metabolic energy in subcellular locations during periods of cellular stress or high cellular metabolic demand. Although mtROS were considered to be inactive byproducts of cellular respiration, recent studies suggest that mtROS may function as intracellular signaling mediators depending on A: HUVEC were stimulated with vehicle or VEGF (50 ng/ml) for 5 min, mitochondrial fractions were isolated, and cytochrome-c oxidase activity was determined. B and C: a defined area of the cells was removed. Cells were then treated with vehicle of VEGF (50 ng/ml) for 36 h and the number of cells that migrated past the wound edge was counted. D: HUVEC were stimulated with VEGF (50 ng/ml) for 5 min and Rac1 activity was determined. E: cells were stimulated with VEGF (50 ng/ml) for 60 min before whole cell lysates were collected for Western blot analysis of phosphorylated PAK, Akt, ERK1/2, and p38MAP. *P Ͻ 0.05 vs. vehicle. Fig. 6 . Inhibition of mitochondrial ROS production prevents VEGF-induced Rac1 activation. A: HUVEC pretreated with vehicle or Mito-Vit-E (1 M) for 6 h were stimulated with vehicle or VEGF (50 ng/ml) for 5 min, and Rac1 activity was determined. B: at 7 days after transfection with control (C) or POLG siRNA (P), HUVEC cells were stimulated with vehicle or VEGF (50 ng/ml) for 5 min and Rac1 activity was determined. C: HUVEC were pretreated with vehicle or Mito-Vit-E (1 M) for 6 h and then stimulated with VEGF for 60 min, and whole cell lysates were collected for Western blot analysis of phosphorylated PAK, Akt, p38MAP, and ERK1/2. *P Ͻ 0.05 vs. vehicle.
external stimuli, cell type, or cellular context (52) . This paradigm seems logical because mitochondria, by their intracellular mobility, can deliver low levels of oxidants to specific subcellular locations during periods of increased demand such as migration or adhesion. Despite this, our understanding of the precise role of mtROS in endothelial cell signaling is scant. The studies summarized in this report suggest that mtROS are crucial during endothelial migration in response to VEGF.
Little is known about the direct activators of mtROS production, their specific sites of activation, mechanisms of regulation, and targets of oxidation (27) . Interestingly, new studies using gene expression analysis show that VEGF stimulation increases mitochondrial biogenesis to meet higher cellular energy demands (50) . Consistent with this observation, we detected VEGF-induced increases in mitochondrial metabolism and mtROS production. It is possible that this represents an adaptive mechanism by which cellular energy production can be increased to meet metabolic demands during periods of cellular stress. We have demonstrated in this study that delivery of the antioxidant vitamin E specifically to mitochondria diminished VEGF-induced total intracellular ROS, suggesting that mitochondria contribute a measurable and significant component of total intracellular ROS during VEGF stimulation. This does not preclude the possibility that the NADPH oxidase is an important ROS contributor in this context, but suggests that mitochondrial and Nox pathways may be complementary. Some studies suggest that VEGF may facilitate cross talk between mitochondria and Nox during periods of increased ROS production (14, 49) . However, this phenomenon is poorly defined and requires further study. Nox may function downstream of mitochondria because depletion of mtDNA or inhibition by the mitochondrial respiratory complex inhibitor rotenone or antimycin significantly reduced Nox expression in tumor cells (14) . On the other hand, observations from an animal model of nitroglycerin-triggered vascular dysfunction implied that mtROS and Nox-derived ROS may function differentially, because mtROS was important for the initial development of nitrite tolerance whereas Nox-derived ROS were involved in the subsequent endothelial dysfunction (49) . Continued investigation is needed of the relationship between mitochondria and Nox in endothelial cells.
Rac1 is an important regulator of cytoskeletal dynamics (5), and its activation is required for VEGF-induced endothelial permeability (29, 31) . Rac1 is not only activated by Noxderived ROS (16, 33) , but also contributes to Nox-related ROS production (47, 53) . Gene knockout of mitochondrial membrane protein prohibitin 1 (PHB1) or hypoxia increased mtROS production and Rac1 activation, suggesting an association between mtROS and Rac1 signal (17, 35) . However, it is not known whether Rac1 responds directly to signals through mtROS. In this report, we show that Mito-Vit-E suppressed VEGF-induced Rac1 activity, suggesting that the Rac1 pathway is regulated, at least in part, by VEGF-induced mtROS production. To our knowledge this is the first report to provide direct evidence showing that mitochondrial oxidants regulate Rac1 activity during VEGF stimulation of endothelial cells. It would be interesting to further determine whether Rac1 activation is regulated through mitochondrial specific oxidation and whether other mitochondrial signaling molecules are involved in the regulation of Rac1 by mtROS.
The relationship between mitochondrial activation and endothelial cell migration has been suggested by several previous studies (12, 32) . Histochemical analysis of corneal endothelial cells in a wound healing model showed a significant enhancement of mitochondrial activity within migrating cells (32) , whereas overexpression of mitochondria-specific antioxidant enzymes promoted angiogenesis (12) . However, the mechanism that links mitochondrial activation and cellular migration is unknown. In the current study, we provide direct evidence to support the functional significance of mtROS in the regulation of endothelial cell migration and further implicate small GTPase Rac1 as an important mediator in this process. In this report, we describe different approaches to specifically target mitochondria, including the use of a mitochondria-targeted antioxidant and mtDNA depletion, both of which were shown to inhibit mtROS production and downstream signaling.
Our results reveal a direct functional role of mitochondria in the regulation of overall intracellular ROS production, Rac1 activation, and endothelial cell migration. We believe that these findings will facilitate future studies using specific mitochondrial targeting interventions to better understand the functional significance of mitochondrial signaling in vascular diseases. In addition, the validation of mitochondria-targeted technology will potentially allow the future design of therapeutic interventions for diseases of endothelial dysfunction.
